In this work, several cellulose board grades, including waste board, fluting, and waste milk 5 container board, were pretreated with green choline chloride-urea deep eutectic solvent 6 (DES) and nanofibrillated using a Masuko grinder. DES-treated bleached chemical birch 7 pulp, NaOH-swollen waste board, and bleached chemical birch pulp were used as reference 8 materials. The properties of the nanofibrils after disc grinding were compared with those 9 obtained through microfluidization. Overall, the choline chloride-urea DES pretreatment 10 significantly enhanced the nanofibrillation of the board pulps in both nanofibrillation 11 methods-as compared with NaOH-treated pulps-and resulted in fine and long individual 12 nanofibrils and some larger nanofibril bunches, as determined by field emission scanning 13 electron microscopy and transmission electron microscopy. The nanofibril suspensions 14 obtained from the DES pretreatment had a viscous, gel-like appearance with shear thinning 15 behavior. The nanofibrils maintained their initial crystalline structure with a crystallinity 16 index of 61% to 47%. Improved board handsheet properties also showed that DES-treated 17 and Masuko-ground waste board and paper nanocellulose can potentially enhance the 18 strength of the board. Consequently, the DES chemical pretreatment appears to be a 19 promising route to obtain cellulose nanofibrils from waste board and paper. 20
Cellulose has recently gained significant attention as a green substituent for petroleum-23 based materials and chemicals and as a source for high-end products and applications. 24
Nanoscale cellulose is especially regarded as a material with high potential due to its 25 mechanical properties and chemical versatility as well as the diversity of its availability in 26 raw materials. The definition of cellulose nanomaterials covers a wide range of nanoscale 27 particles, including both stiff and elongated cellulose nanocrystals (CNC), with widths from 28 5 to 70 nm and lengths from 50 nm to several hundred nanometers and longer, and flexible 29 and interconnected cellulose nanofibrils (CNF), with widths from 2 to 80 nm and lengths 30 up to several micrometers (Azizi Samir, Alloin, & Dufresne, 2005a Dufresne, , 2005b Lavoine, 31 Desloges, Dufresne, & Bras, 2012) . 32
Bleached chemical wood pulp has typically been used as a raw material for nanocellulose 33 because most of the lignin, which hampers nanocellulose production, has already been 34 removed from the wood matrix. However, virgin wood pulp fiber is also highly desirable 35 for various other end uses, such as food packaging, and it has a relatively high value. 36 Therefore, it would be beneficial to utilize secondary raw materials, such as waste paper 37 and board, for nanocellulose production. Although these fiber materials may have 38 shortened fiber lengths and decreased mechanical strength in the macroscale, they still 39 maintain a high cellulose content (Danial et al., 2015; Josset et al., 2014) . 40
Waste paper and board are highly abundant raw materials: within the EU, the recycling rate 41 of paper and board was 81.1% in 2014 (Paper Packaging Coordination Group, 2016), and it 42 has been at a high level in the United States as well-the recycling rate for old corrugated 43 container board (OCC) was 91.2% in 2011 (Salam, Lucia, & Jameel, 2013) . Therefore, 44 waste paper and board are cheap raw materials that also contain large amounts of cellulose 45 (Danial et al., 2015) . 46 3 In addition to the cost of the raw materials, significant costs can be attributed to the 47 nanocellulose production process. The mechanical separation of nanofibrils from fibers 48 especially requires a high amount of energy because of the recalcitrant nature of cellulose, 49 which is associated with a rigid and crystalline hydrogen bonded structure and which also 50 makes cellulose insoluble in water and in most common organic solvents (Francisco, Zhang, Benoit, et al., 2012) , while a combination of choline 75 chloride and urea has been used in the cationic functionalization of cotton cellulose (Abbott 76 et al., 2006) and as a pretreatment for the nanofibrillation of wood cellulose (Sirviö, 77 Visanko, & Liimatainen, 2015) . 78
In this research, the production of cellulose nanofibrils from secondary cellulose fiber raw 79 materials in the form of cellulose boards was investigated using a green choline chloride-80 urea-based DES pretreatment combined with disc grinding. Several board grades, including 81 waste board (B), fluting (F), and waste milk container board (MCB), were used as raw 82 materials. The characteristics of the nanofibrils obtained from the DES pretreated boards 83 were compared with the nanofibrils obtained directly from the virgin bleached chemical 84 birch pulp (BCP), NaOH-swollen waste board (NaOH-B), and bleached chemical birch 85 pulp (NaOH-BCP). In addition, the properties of the nanofibrils obtained from disc 86 grinding were compared with those obtained using a microfluidizer. Prepared nanocellulose 87 samples were also tested as strength-enhancing additives in paperboard application. 88
Materials and Methods 89
Raw materials and chemicals 90
We obtained waste board (B) and milk container board (MCB) from the Finnish refuse 91 collection, and both the fluting (F) and reference material, bleached chemical birch (Betula 92 verrucosa) pulp (BCP), were obtained as dry sheets from Finnish pulp factories. The pulp 93 (200 g abs) was pulped without chemicals using a Kenwood KM020 pulper (UK), with an 94 operational principle similar to that of the Hobart pulper, for 10 minutes at a consistency of 95 5 1.5% and at approximately 45°C using a rotor speed of 2. The pulp was then washed and 96 screened with a Somerville screen (Lorentzen & Wettre, Sweden). Approximately 38 wt.% 97 of MCB pulp was screened away, as it is in plastic and aluminum foil. 98
The average (length-weighted) length and width of the fibers were determined with a Metso 99 FiberLab image analyzer (Finland), and the charge of the pulp was analyzed via 100 conductometric titration using a procedure described by Rattaz For the pulp pretreatment, the DES was produced by oven heating 1620 g of choline 114 chloride and 1223 g of urea in a 5-liter beaker at 100°C until the mixture melted. Then, the 115 mixture was placed into a water bath (100°C) under constant stirring for approximately five 116 minutes to obtain a clear, colorless liquid. Next, 25 g (abs) of cellulose, at a consistency of 117 ~30%, was added to the DES solution and mixed for two hours, after which the flask was 118 removed from the water bath and 1000 ml of deionized water was added while mixing. The 119 suspension was then washed with water in a Somerville screen until the washing water ran 120 clear. Four batches of each pulp were treated with DES prior to nanofibrillation with a 121
Masuko super masscolloider MKCA6-2J (Japan) grinder or a Microfluidics M-110EH-30 122 (USA) microfluidizer. As a reference material, 100 g (abs) of BCP and B were swollen 123 with an NaOH solution overnight (pH ~12) at room temperature and washed with water in 124 a Somerville screen prior to nanofibrillation with a Masuko grinder. 125
Before beginning nanofibrillation with the Masuko grinder, the stones of the grinder were 126 first carefully brought within close contact, as observed by the low friction sound, and then 127 the pretreated pulp slurry was poured into the grinder at a consistency of 1.5%. The pulp 128 was passed twice through the grinder using a zero-grinding stone gap; then, the stones were 129 adjusted to negative gap values to begin the actual nanofibrillation. Samples were taken Laboratory handsheets were prepared from board pulp with 4% of nanofibrillated pulps 140 after 10 passes through the Masuko refiner and after the microfluidizer treatment in the 141 presence of 0.08% retention aid and 4% of starch. Board sheets with 150 g/m 2 grammage 142 were prepared in a laboratory sheet former (Lorentzen & Wettre, Sweden) according to the 143 ISO 5269-1 standard method. 144
Characterization of the materials 145
Visualization 146
Each pulp was visualized during the nanofibrillation stages using a Leica MZ FLIII 147 fluorescence stereomicroscope (Germany) and a Zeiss Ultra Plus field emission scanning 148 electron microscope (FESEM) (Germany). As a pretreatment, the FESEM samples were 149 filtered using a polycarbonate membrane with a pore size of 0. For comparison, selected DES-treated pulps were also nanofibrillated using a 232 microfluidizer to investigate the role of the disintegration method in nanofibrillation 233 behavior. The microfluidized DES-treated pulps showed results similar to those of the 234 Masuko-ground pulps in their viscosity behavior (Figure 4) . However, the viscosity of the 235 BCP was already the highest at the beginning of the nanofibrillation (Figure 4a ), but after 236 passing through the next set of chambers (400 µm and 100 µm), the F pulp had the highest 237 viscosity, similar to that of the Masuko-ground pulp (Fig. 4b and c) . 238 were no significant differences between the nanofibrillation methods with the other pulps. 288
The crystallinity index of the nanofibrillated and DES-pretreated samples varied from 61% 289 to 47%. 290
Visualization 291
The FESEM images of the samples after the fifth pass through the Masuko grinder ( Figure  292 6) showed the highly nanofibrillated form of the DES-treated BCP sample, but only a low 293 degree of nanofibrillation was achieved with the NaOH-treated pulp. The DES-treated B 294 and MCB samples also included larger residual particles, indicating only partial 295 disintegration of these board fibers. In addition, the FESEM images indicated that the F 296 15 pulp and BCP were more easily nanofibrillated during the microfluidizer treatment than the 297 B pulp. After passing through the largest chambers, the DES-treated BCP and F samples 298 consisted of fine nanofibrils, while the B sample had larger bunches of nanofibrils. 299
However, both the B and F pulps contained high quantities of lignin, and all three pulps had 300 notable amounts of hemicellulose (Figure 1) , so the chemical composition may not explain 301 the differences in the degree of nanofibrillation. However, the ash content is highest in the 302 B pulp, which is caused by large quantities of fillers (Figure 1) . 303
High filler content may affect the refining process in used two types of fibrillation 304 equipment. In the Masuko grinder, the fiber suspension is fed between two grinding disc 305 surfaces, one of which is stationary and the other rotary. The gap between the grinder discs 306 and the fitted bars and grooves on the discs' surface can be adjusted. By controlling these 307 parameters, it is possible to tune the intensity and flow patterns of the grinder (Dufresne, The inner fibrillation breaks down the fibers' internal bonding and thereby loosens the fiber 315 cell wall structure, which eases the separation of individual fibrils (Iwamoto, Nakagaito, & 316 Yano, 2007; Nakagaito & Yano, 2004) . Filler particles do not cause any problems in this 317 kind of fibrillation system; on the contrary, they might even improve fibrillation by 318 grinding fibers between the grinding discs. 319
With the microfluidizer, the fiber suspension is fed to the inlet reservoir where the 320 intensifier pump supports the suspension with a constant flow and near constant pressure. 321
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The fiber suspension is pumped through narrowing interaction chambers with velocities up 322 to 500 m/s and pressure up to 2724 bar (Microfluidics Corporation, 2017). In the 323 interaction chambers, fibers collide with each other and with the wear-resistant surfaces of 324 the chambers, which causes high-impact, high-shear, and cutting force. In the cross-point of 325 the interaction chamber pipes, the streams are allowed to collide to inflict additional force 326 upon the fibers (Dufresne, 2012; Microfluidics Corporation, 2017; Spence et al., 2011) . The 327 forces' impact and the high-pressure drop cause the fibrils to unravel from the fiber cell 328 wall. In this kind of fibrillation method, the high filler content creates blocks within the 329 interaction chambers; those particles do not necessarily improve the fibrillation of the 330 fibers, and they might be abrasive for the passage of interaction chambers. 331 is not the most fibrillated material, and those materials with long bunches of fibrils (such as 373 MCB) might work better. However, handsheet properties showed that Masuko grinding is a 374 more suitable fibrillation method for secondary fiber raw material sources. Increased board 375 handsheet properties also showed that DES-treated and Masuko-ground waste board and 376 19 paper nanocellulose are potential strength enhancers for the board, as all of the 377 nanocellulose types this study used improved handsheet properties. 378 
Conclusion 382
The choline chloride-urea DES pretreatment notably enhanced the nanofibrillation of the 383 cellulose board pulp grades. Overall, the Masuko-ground and DES-treated samples had 384 slightly larger nanofibril bunches than the microfluidization samples, but both 385 nanofibrillation methods performed efficiently in all of the DES-treated pulps, resulting in 386 long, fine individual nanofibrils and some nanofibril bunches. The nanofibril suspensions 387 obtained from the DES pretreatment had viscous, gel-like appearances with shear thinning 388 behavior. Moreover, the nanofibrils maintained their initial crystalline structure and had a 389 crystallinity index of 61% to 47%. The additives and fillers in the waste board pulp 390 diminished the degree of nanofibrillation in the microfluidizer, but in the Masuko grinder, 391 all of the DES-treated board pulps were efficiently nanofibrillated. However, the DES-392 treated fluting pulp was nanofibrillated even better than the reference DES-treated bleached 393 chemical pulp, resulting in the longest and finest nanofibrils. Overall, the largest nanofibril 394 bunches were observed in the NaOH-swollen pulps (reference), indicating the lowest 395 20 degree of nanofibrillation. Properties of prepared board handsheets showed that Masuko 396 grinding is a more suitable fibrillation method for secondary fiber raw material sources. 397 Improved board handsheet properties also showed that DES-treated and Masuko-ground 398 waste board and paper nanocellulose are potential strength enhancers for the board. 399
Consequently, the DES chemical pretreatment appears to be a promising route to obtaining 400 cellulose nanofibrils from waste board and paper. 401
